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ABSTRACT:	 The	 Stokes‐Einstein‐Debye	 (SED)	 expression	 is	 used	 routinely	 to	 relate	 orientational	
molecular	diffusivity	quantitatively	to	viscosity.	However	it	is	well	known	that	Einstein’s	equations	are	
derived	from	hydrodynamic	theory	for	the	diffusion	of	a	Brownian	particle	in	a	homogeneous	fluid	and	
examples	 of	 SED	 breakdown	 and	 failure	 for	molecular	 diffusion	 are	 not	 unusual.	 Here,	 using	 optical	
Kerr‐effect	spectroscopy	to	measure	orientational	diffusion	for	solutions	of	guanidine	hydrochloride	in	
water,	and	mixtures	of	carbon	disulfide	with	hexadecane,	we	show	that	these	two	contrasting	systems	










That	molecular	motion	 is	 slower	 in	 viscous	 liquids	 seems	 self‐evident	 and,	 perhaps	 for	 this	 reason,	




SED	 breakdown	 and	 failure.1‐4	 Various	 conditions	 are	 invoked	 to	 explain	 these	 ‘exceptions’	 such	 as	
fractional	 SED	 behavior	 and	 stick	 or	 slip	 regimes.	 However,	 for	 some	molecular	 solutes	 it	 has	 been	
suggested	that	specific	local	interactions	are	more	important	than	the	solvent	bulk	properties5,6	and	a	
detailed	description	of	 the	 relation	of	diffusivity	 to	viscosity	may	 require	 the	 solvent	 structure	 to	be	
taken	into	account.7	Here	we	investigate	two	very	different	systems	of	mixtures:	an	aqueous	solution	of	
guanidine	hydrochloride	representing	a	strongly	interacting	(hydrogen	bonding)	liquid,	and	a	mixture	
of	 carbon	 disulfide	 and	 hexadecane	 having	 only	 weak	 (van	 der	Waals)	 interactions.	 By	 varying	 the	
composition,	 we	 isothermally	 change	 the	 viscosity	 in	 each	 system	 and	 observe,	 in	 general,	 no	
systematic	relationship	of	viscosity	to	the	molecular	orientational	diffusion.	
For	the	study	of	molecular	dynamics,	optical	Kerr‐effect	spectroscopy	(OKE)	is	capable	of	measuring	
the	 low‐frequency	 depolarized	 Raman	 spectrum	with	 an	 unsurpassed	 dynamic	 range	 over	 the	wide	
spectral	 range	 necessary	 for	 the	 accurate	 determination	 of	 intermolecular	 motions	 (SI‐S1).	 OKE	 is	
sensitive	to	the	orientational	motions	that	change	the	anisotropic	part	of	the	polarizability	tensor	and	
therefore	 the	 intermolecular	 spectra	 of	 simple	 liquids	 can	 be	 decomposed	 into	 three	 regions:	 a	
prominent	 band	 at	 ca.	 1‐3	THz	 due	 to	 hindered	 rotations	 (librations)	 is	 connected,	 by	 a	 broad	








relaxational	mode	arising	 from	the	out‐of‐plane	orientational	diffusion	of	 the	 ion.	Water	 is	 relatively	
invisible	 to	 OKE	 spectroscopy	 (due	 to	 its	 low,	 near‐isotropic,	 polarizability),	 but	 its	 rotational	
relaxation	 in	 the	 solution	has	been	measured	by	dielectric	 relaxation	 spectroscopy	 (DRS)	 (for	which	







Figure ? OKE  spectra  for  aqueous  guanidine  hydrochloride  (GuHCl)  soluƟon  at  μο °C  for  concentraƟons  from  neat 
water  to  ρ.νο M.  The  light  and  dark  grey  regions  are Debye  band‐shapes  revealing  the  broadening  of  the  (GuH+) 
relaxaƟon band at  lower concentraƟon. Crosses mark the posiƟon of the relaxaƟon band maximum. The  libraƟonal 
band  appears  at  ca.  ν  THz.  Inset  is  detail  on  logarithmic  scales  showing  that  the water  contribuƟon  (blue  fill)  is 
minimal at low frequency. 
In	the	solution	the	rotational	relaxation	band	of	GuH+	(at	ca.	10	GHz		16	ps)	is	considerably	broader	
than	 the	 simple	 Debye	 response.	 Broadening	 is	 often	 an	 indication	 of	 heterogeneity,	 so	we	 have	 to	
consider	the	possibility	of	GuH+	ion	clustering	or	stacking.11,12	We	can	show,	however,	that	clustering	
should	cause	the	heterogeneity	to	increase	with	concentration	(SI‐S3),	whereas	here	the	opposite	is	the	
case	 (Figure	 1).	 Leaving	 aside	 this	 complexity,	 we	 make	 the	 simplest	 estimate	 of	 the	 rotational	
relaxation	time	of	the	GuH+	ion	by	taking	the	reciprocal	of	the	frequency	of	the	relaxational	band	peak,	
that	is,	 1OKE peak  .	
In	 Figure	 2,	 OKE 	is	 compared	 to	 viscosity	 along	 with	 the	 rotational	 relaxation	 timescale	 of	 water	
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Figure ? While  the viscosity of aqueous GuHCl soluƟon  (crosses)  increases non‐linearly with concentraƟon  (up  to a 
factor of >μ), the OKE rotaƟonal relaxaƟon Ɵmescale for the GuH+ ion (τGuH+, circles) increases linearly above μ M, and 
that  of  the  water  molecule  measured  by  DRSλλ  (squares)  barely  changes.  The  viscosity  is  fit  by  a  Vogel‐Fulcher‐
Tammann type expression.λν 
As	 strongly	 hydrogen‐bonding	 systems,	 exemplified	 by	 water	 and	 aqueous	 solutions,	 are	 often	
assumed	 to	 be	 anomalous,	 we	 also	 study	 the	 weakly	 interacting,	 non‐hydrogen‐bonding,	 non‐polar	
system	of	CS2	in	hexadecane.	CS2	(S=C=S)	is	a	versatile	OKE	probe	having	a	high	polarizability	(strong	
signal)	 and	 again	 high	 symmetry.	 It	 is	 miscible	 with	 the	 simple	 hydrocarbon	 hexadecane	
(CH3(CH2)14CH3)	at	room	temperature	over	the	whole	composition	range	for	which	the	viscosity	then	





a	 Debye	 lineshape	 (Figure	 3(a)).	 The	 hexadecane	 mixtures,	 however,	 cannot	 be	 cooled	 far	 without	
crystallization	 so	measurements	were	made	 at	 20	°C.	Hexadecane	has	 a	 relatively	weak	 spectrum	of	
typical	 characteristic	 form	with	a	broad	 librational	band	at	ca.	1	THz	and	a	very	dominant	rotational	



































relaxaƟon slows. This  is  the behavior  that would be expected  if SED applied and  the  relaxaƟon slowed by a  factor 
consistent  with  the  (σx  higher)  viscosity  of  the  ν%  CSμ  soluƟon. (b) AŌer  subtracƟon  of  both  the  hexadecane 




To	 resolve	 the	 CS2	 relaxation	 contribution	 the	 hexadecane	 contribution	 was	 fitted	 and	 then	
subtracted	 along	 with	 the	 CS2	 librational	 band	 (SI‐S2).	 The	 resultant	 spectra,	 principally	 the	 CS2	
relaxation,	are	shown	in	Figure	3(b).	On	increasing	hexadecane	concentration	the	CS2	relaxation	mode	
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relaxation	to	 lower	 frequency.	 Instead	the	 first	moment	of	 these	spectra	shows	(Figure	4)	an	 inverse	
correlation	 of	 timescale	 with	 viscosity	 until	 above	 ca.	 80%	 hexadecane	 concentration	 (η	 	 1.7	cP)	




Ɵme  constant  for  hexadecane  relaxaƟon  (circles)  vs.  viscosity  for  CSμ:hexadecane  mixtures  showing  a  linear 









relationship).	 For	 pure	 rotations,	 the	 rate	 of	 the	 decay	 due	 to	 the	 second	 rank	 polarizability	 tensor	
(applicable	 to	OKE	studies)	 is	proportional	 to	6Drot.	Hence	 the	molecular	rotational	 relaxation	Debye	
time‐constant	 (proportional	 to	 1/6Drot)	 is	 given	 by	 0rot eff B rot/ .V k T    The	 fit	 in	 Figure	 4	 for	
hexadecane	yields	a	gradient	of	120.5	(1.3)	ps	cP‐1,	hence,	 1ff B120.5 ps cPeV k T  3488 5Å .  	
For	 comparison,	 the	 effective	 molecular	 volume	 of	 hexadecane	 in	 the	 neat	 liquid	 implied	 by	 the	
room‐temperature	 density	 of	 0.77	 g	 cm‐3	 and	 relative	 molar	 mass	 of	 226.44	 is	 488	 Å3.	 Given	 the	



























SED	 held,	 the	 behavior	 of	 each	 component	 of	 these	 two	 binary	mixtures	 ranges	 from	 the	 complete	




has	 a	 complex	 non‐exponential	 decay	 arising	 primarily	 from	 translation	 motion	 (SI‐S3).	 It	 is	 also	
known	 that	 water	 has	 an	 expanded	 structure	 in	 which	 the	 hydrogen‐bonded	 molecules	 reorient	
through	 a	 complex	 large‐angle	 ‘jump’	 process,	 which,	 although	 an	 activated	 process,	 	 is	 not	
















As	 both	 CS2	 and	 hexadecane	 are	 non‐polar	 non‐hydrogen	 bonding	molecules,	 in	 their	mixture	 the	
principal	 attractions	 are	 van	 der	 Waal	 forces.	 Nevertheless,	 the	 relaxation	 of	 CS2	 is	 still	 clearly	
decoupled	from	viscosity.	As	hexadecane	is	added	to	CS2,	the	CS2	relaxation	appears	to	speed	up	even	as	





The	 broadening	 of	 the	 CS2	 relaxation	 band	 could	 arise	 from	 heterogeneity	 reflecting	 the	 different	
environments	 although	 the	 broadening	 is	 still	 increasing	 at	 the	 lowest	 (3%)	 volume	 ratio	 where	 it	
would	 be	 expected	 that	 each	 CS2	 molecule	 is	 completely	 surrounded	 by	 the	 alkane.	 This	 perhaps	
suggests	that	the	alkane	itself	presents	a	heterogeneous	environment	to	CS2	perhaps	due	to	variations	
in	the	packing	or	ordering	of	the	hydrocarbon	chains.	







fluorescent	 tracers,	 there	 is	 often	 excellent	 agreement,	 in	 general,	 for	 molecular	 diffusion	 poor	
agreement	 is	 found.	 Corrections	 are	 then	 made:	 for	 example	 to	 account	 for	 molecular	 shape	 and	
boundary	 conditions	 (such	 as	 dielectric	 friction	 effects	 and	 stick	 or	 slip	 surface	 interactions).3,4,23	
Deviations	from	SED	are	read	as	evidence	of	structural	changes,24‐26	and	often	 fractional	 forms	of	the	
Stokes‐Einstein	 (for	 translational	 diffusion)	 and	 Stokes‐Einstein‐Debye	 relations	 are	 interpreted	 as	
evidence	 of	 a	 change	 in	 effective	 volume	 with	 temperature2,27‐29	 for	 example	 due	 to	 cooperative	
rearrangement	in	supercooled	liquids.30	
But,	 since	 SED	 is	 based	 on	 hydrodynamics,	 and	 applies	 strictly	 to	 a	 particle	 immersed	 in	 a	
homogeneous	 fluid,	 there	 is	 little	 reason	 (as	Einstein	made	clear	 in	his	1906	paper31)	 to	expect	 it	 to	
apply	 on	 a	 molecular	 scale.	 Here,	 for	 these	 two	 contrasting	 systems,	 it	 is	 clear	 that	 SED	 does	 not	
generally	 apply.	 This	 suggests	 that	 diffusion	 of	 molecular‐size	 particles	 is	 dominated	 by	 local	
interactions	 that	 decouple	 the	 diffusivity	 from	 the	 bulk	 viscosity.	 This	would	 be	 consistent	with	 the	
observation	of	the	anomalous	speeding	up	of	CS2	relaxation	in	the	hexadecane	mixture	reflecting	that	
the	CS2–hexadecane	 interactions	 are	weaker	 than	 the	CS2–CS2	 interactions.	A	molecule	 is	 apparently	
aware	of	only	short	range	interactions,	primarily	then	to	its	first	solvation	shell,	and	application	of	the	
Stokes‐Einstein	 and	 Stokes‐Einstein‐Debye	 relations	 in	 studies	 of	 molecular	 self‐diffusion	 must	 be	
made	cautiously.	It	has	indeed	been	suggested	before	that	a	critical	particle	volume	exists	below	which	
the	 SE	 relation	 (for	 translational	 diffusion)	 fails,	 and	 molecular	 dynamics	 (MD)	 simulations	 for	 a	
9	
	
Lennard‐Jones	 liquid32	 suggest	 a	 critical	 volume,	 in	 the	 nanometre	 range,	 below	 which	 local	
intermolecular	forces	dominate	the	translational	mobility.		




Taken	 together,	 this	 evidence	 suggests	 that	molecular	orientational	diffusion	 is	 controlled	by	 local	
(first	 solvation	 shell)	 interactions	 rather	 than	 by	 the	 bulk	 properties	 of	 the	 liquid.	 These	 simple	
observations	raise,	of	course,	the	question	of	the	true	relationship	of	diffusion	to	viscosity.	But,	because	







small	 molecules	 fall	 into	 the	 second	 category.	 Since	 SED	 is	 widely	 used	 a	 method	 of	 identifying	
anomalous	behavior	in	molecular	liquids,	it	is	essential	that	such	distinction	can	be	made	and	this	calls	
for	 a	 systematic	 approach	 to	 predict,	 perhaps	 through	MD	 simulation,	 the	 nature	 of	 single	molecule	
relaxation.	
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Figure ϣ.  Model of the intermolecular (OKE) spectrum (imaginary part) for a simple liquid. At the lowest 
frequency is the single‐molecule orientaƟonal diﬀusion (α relaxaƟon). At ca. ϣ−ϥ THz is the libraƟonal 


















Figure Ϥ.  Logarithmic plot of the raw Ɵme‐domain OKE data for neat water (blue) and the GuHCl solu‐
Ɵons for the concentraƟons: Ϣ.ϧϥ, ϣ.Ϣϩ, ϣ.Ϩϥ, Ϥ.ϤϢ, Ϥ.ϩϫ, ϥ.ϥϫ, Ϧ.Ϣϣ, Ϧ.Ϩϧ, ϧ.ϥϢ, ϧ.ϫϩ, Ϩ.Ϩϧ, ϩ.ϥϧ mol dm‐ϥ. 
The data for the highest concentraƟon are shown in red for clarity. The ‘fast’ and ‘slow’ measurements 
are matched over an order of magnitude in Ɵme then spliced at ca. ϣ.ϧ ps. Inset is detail on linear scales. 
						 	
Figure ϥ.  Raw Ɵme‐domain OKE data for the CSϤ:hexadecane mixtures, from neat hexadecane (black), 
















































Figure Ϧ.  Fit of the OKE spectra (black) for (a) neat CSϤ at ϤϢϢ K and (b) neat hexadecane at room 
temperature. The fit (orange) is decomposed into the α relaxaƟon (grey fill), (modified) logarithmic decay 
(green) and libraƟons (purple). For hexadecane an addiƟonal weak β relaxaƟon is observable. Each 
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Table ϣ. Fit parameters for CϣϨHϥϦ and CSϤ (Figure Ϧ. ). The low value of ωϢ for CϣϨHϥϦ:GB indicates 
extreme overdamping. 
C16H34	 CS2	200	K	
mode	 A	/a.	u.	 τ		/ps	 	 	 A	/a.	u.	 τ		/ps	 	 	
	 1.1	 392	 	 0.72 5.97 	
β	 0.023	 	44	 	 ‐ ‐ 	
	 A	/a.	u.	 γ	/THz	 β	/THz	 ω0	/THz	 A	/a.	u.	 γ	/THz	 β	/THz	 ω0	/THz	


































CS2 vol    (cP)
0.00   3.51
0.03   3.13
0.045   2.95
0.07   2.68
0.11   2.26
0.18   1.88
0.30   1.376
0.50   0.873
0.85   0.502








Figure Ϩ.  Comparison of data on a mole fracƟon scale for (leŌ) CSϤ:hexadecane, and (right) aqueous 
GuHCl soluƟon. The red line is a fit to the viscosity for CSϤ:hexadecane showing a simple linear 
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In	non‐supersaturated	solutions,	the	probability	of	finding	a	cluster	of	a	particular	size	is	
	      exp / .BP r G r k TΔ 		 (8)	
The	probability	distribution	for	a	cluster	of	n	molecules,	where		n	=	4/3r3	is	then	
	   2 3
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Figure ϩ.  Probability to find a cluster of n molecules for C/CϢ = Ϣ.Ϣϣ, Ϣ.ϧ, and ϣ (purple, orange, green) for 

























Table Ϥ. Interfacial energies γ for four diﬀerent soluƟons Ϥϥ‐ϤϨ 







	   1 ,
1 i
    		 (10)	
where	,	the	orientational	relaxation	time,	is	proportional	to	the	reciprocal	of	the	single‐molecule	
diffusivity.	This	is	a	function	of	the	moment	of	inertia	I	and	in	the	simplest	cases	 1D I .	For	the	
crude	approximation	that	the	cluster	is	a	sphere,	I	∝Mr2,	where	M	is	the	mass,	and	r	the	radius,	hence	I	
∝n5/3	and	τ	∝n5/6.	Thus,	for	a	distribution	of	cluster	sizes,	one	would	expect	a	spectrum	of	the	form	











Figure Ϫ.  Dielectric or OKE response for a cluster distribuƟon according to Eq. (ϣϣ) for C/CϢ = Ϣ (purple), 


























Figure ϫ.  RelaxaƟon Ɵmescale, corresponding to the maximum in the dielectric or OKE response, for a 
cluster distribuƟon according to Eq. (ϣϣ) for g/kBT = Ϣ.Ϣϣ (purple), Ϣ.ϣ (orange) and ϣ (green). 
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